The Drosophila membrane-associated guanylate kinase (MAGUK) protein Polychaetoid (Pyd) is required for dorsal closure of the embryo, sensory organ patterning, and cell fate speci®cation in the developing eye. We demonstrate that pyd is alternatively spliced resulting in two isoforms that differ by the presence or absence of exon 6. To determine the role of alternative splicing in Pyd function, we generated antibodies speci®c for each isoform. We ®nd that the exon 6 1 form of Pyd is localized at adherens junctions of embryonic and imaginal epithelia, while the exon 6 2 form is distributed broadly along the lateral membrane. These results suggest that localization of Pyd is controlled by alternative splicing and raise the possibility that exon 6 represents a distinct protein±protein interaction domain. q
Introduction
Polychaetoid (Pyd), also known as Tamou (Tam) or Drosophila Zonula Occludens 1 (DZO-1), is a member of the membrane-associated guanylate kinase (MAGUK) family of proteins (Takahisa et al., 1996) . Members of this protein family are associated with sites of cell±cell contacts, including tight junctions, adherens junctions and synapses, and are characterized by a set of protein interaction domains (for a recent review see Dimitratos et al., 1999) . These domains include one to three PDZ domains (named after the MAGUK family members PSD-95, a 95 kDa protein of the postsynaptic density, Dlg, the product of the Drosophila lethal(1)discs-large (dlg) tumor suppressor gene, and ZO-1, a mammalian tight junction protein), a Src homology 3 (SH3) domain, and a domain with homology to the enzyme guanylate kinase (GUK). The presence of multiple protein±protein interaction domains allows MAGUK proteins to act as scaffolds organizing protein complexes at the plasma membrane. This scaffolding function includes clustering of receptors to speci®c membrane domains (Kim et al., 1995 (Kim et al., , 1996 Tejedor et al., 1997; Kaech et al., 1998) , organization of cytosolic signaling pathway components at the plasma membrane (Brenman et al., 1996; Hanada et al., 1997) and assembly of cell junction components (Furuse et al., 1994; Rajasekaran et al., 1996; Itoh et al., 1997; Fanning et al., 1998) .
Pyd is highly related to the mammalian tight junction protein ZO-1 (Takahisa et al., 1996) , and may be a functional homologue, since a mouse ZO-1 transgene is reported to provide pyd function in Drosophila . ZO-1, the related tight junction proteins ZO-2 and ZO-3, and Pyd form a sub-family of MAGUK proteins with a structure including three amino terminal PDZ domains, an SH3 domain, a GUK domain and, except for ZO-3, a unique proline rich C-terminal domain Willott et al., 1993; Jesaitis and Goodenough, 1994; Beatch et al., 1996; Haskins et al., 1998) . Although ZO-1 was identi®ed as a peripheral membrane component of tight junctions, it also is found in association with cadherin-based contacts during early stages in the formation of cell junctions, and is associated with mature adherens junctions in non-epithelial cells Rajasekaran et al., 1996; Imamura et al., 1999) . The role of ZO-1 in tight junction assembly and function is still unclear, however studies of the interactions between ZO-1 and other proteins suggest a role in organizing proteins of the tight junction and linking them to the cortical actin cytoskeleton . Available evidence suggests that the N-terminal half of the molecule is involved in interactions with tight junction proteins, whereas the unique C-terminal proline-rich region is involved in interaction with the cortical actin cytoskeleton. The mouse ZO-1 PDZ-1 domain binds the C-terminus of Claudin-1 to -8, tight junction transmembrane proteins which form paired tight junction strands . Studies of human ZO-1 reveal that the GUK domain is required for binding to the tight junction transmembrane protein occludin and stable incorporation of ZO-1 in the tight junction. The PDZ-2 domain is required for interaction with ZO-2. An actin binding site in the Cterminal domain has not been precisely mapped .
ZO-1 might also be involved in regulation of cell±cell contacts. Overexpression of activated Ras in Rat1 ®bro-blasts results in the disruption of cell±cell contacts and decreased accumulation of ZO-1 at the cell surface (Yamamoto et al., 1997) . The Ras target AF-6 is a peripheral membrane component of the tight junction, interacting with both ZO-1 and actin (Yamamoto et al., 1997; Mandai et al., 1997) . ZO-1 binds to the Ras interacting domain of AF-6 and this interaction is inhibited by activated Ras (Yamamoto et al., 1997) . Thus, ZO-1 might be a target of a signaling pathway that controls cell±cell contacts.
Hypomorphic mutants of pyd result in the presence of extra mechanosensory bristles called macrochaetae on the head and notum of adult¯ies (Neel, 1940; Chen et al., 1996) . During the development of these sensory organs, expression of the transcription factors Achaete and Scute in precisely positioned clusters of cells provides these cells with the potential to form sensory organ precursors (SOPs) (Cubas et al., 1991; Skeath and Carroll, 1991) . The extra mechanosensory bristles of pyd mutants result from misregulation of the achaete±scute complex leading to the formation of extra SOPs (Chen et al., 1996; Takahisa et al., 1996) . Takahisa et al. (1996) demonstrated that the area of expression of extramacrochaetae (emc), a negative regulator of AS-C expression and function (Ellis et al., 1990; Garrell and Modolell, 1990; Van Doren et al., 1991 , is substantially decreased in pyd mutants. This observation is consistent with genetic interactions between pyd and emc (Chen et al., 1996) and suggests that pyd might play a role in cell signaling events that establish the boundaries of emc expression.
pyd function is also required for embryogenesis. Loss of Pyd results in embryonic lethality and failure of dorsal closure (Chen et al., 1996; Takahisa et al., 1996) . Genetic and molecular studies suggest that pyd is involved in the Jun N-terminal kinase (JNK) pathway for dorsal closure via interactions with the AF6 homologue Canoe (Cno) (Takahashi et al., 1998) . These interactions appear to be direct as Pyd and Cno co-localize at the adherens junctions of embryonic ectodermal epithelia and were shown to interact directly in both yeast two-hybrid and in vitro assays (Takahashi et al., 1998) .
Polyclonal antibodies raised against the GUK domain of Pyd recognize two peptides of 160 and 170 kDa (Takahisa et al., 1996) . The work presented in this paper suggests that these peptides represent two isoforms of Pyd that differ by the presence or absence of 78 amino acids encoded by exon 6. Our functional and immunohistochemical analysis of these isoforms suggests that localization of Pyd is controlled by alternative splicing and raises the possibility that exon 6 represents a distinct protein±protein interaction domain.
Results

tam
1 is an allele of pyd Tamou (Tam) was described by Takahisa et al. (1996) as a Drosophila homologue of the mammalian tight junction protein ZO-1. Homozygous tam mutants resulted in the presence of extra mechanosensory bristles on the notum and head of adult¯ies. Since the phenotype and the cytological location of tam were very similar to that of the previously described pyd gene (Neel, 1940; Chen et al., 1996) , we conducted a genetic complementation study between tam 1 and one of our pyd alleles, pyd J14 (Chen et al., 1996) . pyd J14 and tam 1 failed to complement, suggesting that pyd and tam are allelic. The results of this experiment are described in Table 1 .
Additional observations con®rmed that pyd and tam are the same gene. Heat shock-induced expression of the tam cDNA suppressed the phenotype of pyd mutants (Table 2) . A heat shock-driven cDNA transgene P[w 1 ; hs-tam], which rescued the hypomorphic extra macrochaetae phenotype of tam 1 (Takahisa et al., 1996) , was introduced into pyd C5 and pyd J14 lines (Chen et al., 1996) , and progeny of the cross w; /TM6B, Tb Hu were heat-shocked to induce tam cDNA expression. Heat shock treatment started at early embryogenesis (4±8 h after the eggs were laid), and was repeated every 12 h until the middle to late pupal stage. Heat shock treatment signi®-cantly reduced the extra macrochaetae phenotype of w; ) after heat shock treatment. Heat shock was carried out as described above, or with additional heat shock treatment of parents for 1 h at 378C followed by 1 h of recovery at 258C, before beginning egg collections. Approximately 1/ 3 of the progeny were found to be pyd C5 homozygotes, as would be expected if lethality was rescued by heat shockinduced expression of the transgene (Table 3) .
We have also shown that the severe phenotype of pyd C5 is caused by a P-element insertion in the 5 H regulatory region of the tam gene. In order to determine the precise location of the P-insertion in pyd
C5
, an EcoRI fragment containing the P-element and¯anking genomic sequence was identi®ed by Southern analysis and cloned from a size selected genomic EcoRI library of pyd C5 /TM6BDNA. Sequence analysis of this clone revealed that the P-element was inserted 7 base pairs upstream of the tam transcription start site (Takahisa et al., 1996) . Such an insertion site is consistent with a loss of gene activity and with our observation that pyd C5 appears to be a null allele. Immuno¯uorescent labeling with antibody against Tam (Takahisa et al., 1996) The following evidence encouraged us to explore the possibility that RNA alternative splicing is involved in pyd gene expression. First, Northern analyses of this locus revealed multiple transcripts (Takahisa et al., 1996; Wei, 1999) . Second, Western analysis with antibody against Tam showed two polypeptides with a 10 kDa difference in size (Takahisa et al., 1996) . Third, RNA alternative splicing generates several isoforms in the mammalian homologue ZO-1, and these isoforms display temporal and spatial speci®cities (Balda and Anderson, 1993; Willot et al., 1993) . Reverse transcriptional polymerase chain reaction (RT-PCR) ampli®cation of overlapping regions of tam exons 1± 3, 2±4, 3±5, 4±6, 5±7, 6±8 and 7±13 demonstrated that RNA alternative splicing occurred between tam exon 5 and exon 7. RT-PCR ampli®cation of exons 5±7 revealed two PCR products ( Fig. 1 ). Sequence analysis indicated that the larger band corresponds to tam exons 5±7, and the smaller band represents an alternatively spliced product in which tam exon 6 is missing.
tam exon 6 consists of 234 nucleotides encoding a 78 amino acid peptide. In the Pyd protein, the region encoded by exon 6 is between the GUK domain and the C-terminal proline-rich region. The size and the location of this region are very similar to the alternatively spliced a domain in mammalian ZO-1 (Willot et al., 1993) (Fig. 2a) . However, sequence alignment did not reveal any signi®cant similarity in primary structure between the two alternatively spliced regions. Pyd exon 6 shows limited homology to the acidic region C-terminal to the GUK domain of ZO-1; exon 6 is 23% identical and 37% similar to this region (Fig. 2b) . We refer to the pyd isoforms with and without the exon 6 coding region as 6 1 and 6 2 forms. The cDNA transgene referred to earlier as P[w 1 ; hs-tam] is equivalent to the exon 6 1 form. It should be noted that RT-PCR did not detect any differences in splicing other than alternative use of exon 6 (data not shown).
The 6
1 and 6 2 isoforms of the pyd transcript are expressed at different developmental stages
The temporal expression pattern of the two alternatively spliced pyd transcripts was determined by performing stagespeci®c RT-PCR with the primers ex5-5
H , and ex7-3 H (see Section 4) using samples from 0±2, 2±4, 4±6, 6±8, and 8±24 h embryos, L3 larvae, early pupae and adults. The results, presented in Fig. 3a , show that the pyd6 1 form is present at all stages examined. However, transcripts at 0±2 h of embryogenesis represent both maternal and zygotic gene expression. RT-PCR with RNA isolated from unfertilized eggs (Fig. 3b , lane 2) demonstrated that the pyd6 1 transcript is expressed maternally.
The pyd6 2 form is detected in 8±24 h embryos, L3 larvae, Fig. 1 . pyd RNA is alternatively spliced. Exons 5±7 were ampli®ed by RT-PCR from wild-type third instar (L3) and pupal (P) RNA using primers ex5-5 H and ex7-3 H (see Section 4). Products corresponding to exon 6 1 and exon 6 2 forms of pyd mRNA are indicated by an arrow ( 6 1 ) and an arrowhead (6 2 ). Lane 1, marker, HindIII digested l DNA; lane 2, blank; lanes 3 and 4, reverse transcription of tamcDNA; lane 5, RT-PCR of L3 RNA; lane 6, RT-PCR of pupal RNA. pupae and adults but the amount of PCR product is always less than that of the pyd6 1 form. To determine more precisely when the pyd6 2 transcript can ®rst be detected, RT-PCR experiments with 8±12, 12±16, and 16±24 h embryos were conducted (Fig. 3b, lanes 3±5 ). The transcript is present at 8±12 h of embryogenesis, but the amount of PCR product is extremely low compared to the level of pyd6 1 at the same stage. The level of the pyd6 2 product increases at later developmental stages (late embryonic, L3, pupae, and adult) and the relative expression level of the two isoforms remains quite constant at these stages. Given that the same primers are used to detect both the 6 1 and 6 2 forms, and that the 6 2 product is smaller than the 6 1 product, we believe that the consistently lower levels of the 6 2 product are likely to re¯ect lower levels of expression of the 6 2 isoform of the pydtranscript.
2.4. Generation of antibodies speci®c to Pyd 6 1 and Pyd 6 2 isoforms
The pre-existing antibody against Pyd, described in Taka hisa et al. (1996) , was generated in rabbits using the GUK domain of TamA fused to GST as the antigen. Both 6 1 and 6 2 forms contain this region and anti-TamA antibody should recognize both 6 1 and 6 2 forms. Therefore, to determine the distribution of the two Pyd isoforms, it was necessary to generate new antibodies speci®c for each form (Fig.  4a ). An antibody against the 6 1 form of Pyd was generated by overexpressing a glutathione S-transferase (GST) fusion with pyd exon 6 and injecting the fusion protein into guinea pigs. Antibody against the 6 2 form was generated by synthesizing a 13 amino acid peptide spanning the exon 5 and exon 7 junction (named six minus), conjugating the peptide to KLH, and injecting the conjugated peptide into rats. Both antisera were then af®nity-puri®ed. To determine the speci®city of the new antibodies, embryos produced by crossing w; 1/1; pyd C5 /TM6B, Tb, Hu¯ies were collected and stained. Since pyd C5 is a protein-null allele, 1/4 of the embryos are expected to be homozygous for this allele and to lack Pyd protein. Of 43 stage 12 embryos exposed to antiPyd 6 1 antibody, 13 did not stain, and 16 of 63 stage 12±14 embryos did not stain with anti-Pyd 6 2 antibody. Since wild-type embryos of the same stage can be consistently stained with both antibodies, these results suggest that the 1 form of pyd (arrow) was detected at all stages examined. The exon 6 2 form (arrowhead) was ®rst detected at 12±16 h of embryogenesis. (Takahisa et al., 1996) . Both 6 1 and 6 2 forms contain this region and therefore antiTamA antibody should be able to recognize both 6 1 and 6 2 forms. Antibody against the 6 1 form of Pyd was generated by overexpressing a GST fusion with pyd exon 6 and injecting the fusion protein into guinea pigs. Antibody against the 6 2 form was generated by synthesizing a 13 amino acid peptide spanning exon 5 and exon 7 junction, conjugating the peptide to KLH, and injecting the conjugated peptide into rats. (b) Western analysis showing the speci®city of antibodies against 6 1 and 6 2 forms of Pyd. Western blots of wing disc protein were incubated with pre-immune serum of anti-6 1 (lane 1), antiserum against 6 1 (lane 2), pre-immune serum of anti-6 2 (lane 3), antiserum against 6 2 (lane 4) and both antisera (lane 5). Anti-6
1 and anti-6 2 recognize the larger and the smaller forms of Pyd, respectively. unstained embryos are pyd C5 homozygotes and that the anti-6 1 and anti-6 2 antibodies are Pyd-speci®c. We have also examined the speci®city of these antibodies on Western blots of wing disc proteins (Fig. 4b ). Anti-6 1 antibody recognizes a peptide of approximately 180 kDa and anti-6 2 antibody recognizes a peptide of approximately 172 kDa. Although our estimates of molecular weight differ from those reported by Takahisa et al. (1996) , comparison of adjacent lanes of a Western blot probed with anti-Tam, anti-6 1 and anti-6 2 indicates that our antibodies recognize peptides that co-migrate with those recognized by anti-Tam antibody (data not shown).
Exon 6
1 and exon 6 2 forms of Pyd are cell membraneassociated
Immuno¯uorescent labeling was performed on embryos and wing imaginal discs. Like other MAGUK family members, Pyd 6 1 and Pyd 6 2 forms are associated with the cell membrane; the 6 2 form also exhibited some cytoplasmic localization (Fig. 5) . Consistent with the stagespeci®c RT-PCR results, the 6 2 isoform was not detectable in early embryos (Fig. 5d ). Both forms are present throughout the wing disc (Fig. 5f±h) . Double staining of wing discs of the enhancer trap line A101, in which the reporter gene lacZ is expressed in all SOPs (Huang et al., 1991) , shows that the cellular localization and expression levels of both Pyd isoforms are similar in SOP cells and in epithelial cells (Fig. 5i,j) .
The exon 6
1 form of Pyd co-localizes with adherens junction-associated proteins Cells are connected to neighboring cells and to the extracellular matrix by specialized junctions. In invertebrates, cell-to-cell junctions include adherens, septate and gap junctions. Note that the septate junction, which is thought to be functionally similar to the vertebrate tight junction, is basal to the adherens junctions. To determine the cell junction localization of Pyd proteins a series of immuno¯uores-cent labeling experiments was performed in conjunction with speci®c cell junction markers.
The Drosophila wing disc is a monolayer of epithelial cells connected by adherens and septate junctions. Double labeling of wing discs with anti-Pyd (6 1 and 6 2 forms, respectively) and antibodies against septate junction proteins, Dlg or Coracle (Cor) (Fehon et al., 1994; Woods et al., 1997) shows that the 6 1 form is apical to Dlg and Cor, suggesting that it is localized apically to septate junctions (Fig. 6a±f) . The 6 2 form is distributed more broadly as antiPyd 6 2 staining was detected both apically and basally to Dlg and Cor (Fig. 6g±l) .
Arm, or b-catenin, and E-cadherin, a transmembrane protein, are located at adherens junctions. Fig. 7 shows the results of double labeling of wing discs with antibody against DE-cadherin (Dcad2) (Uemura et al., 1996) or Armadillo (Arm) (Riggleman et al., 1990; Peifer et al., 1994) , and antibodies against the Pyd 6 1 or Pyd 6 2 isoforms. The Pyd 6 1 isoform demonstrated co-localization with DE-cadherin (Fig. 7a±c) and Arm (Fig. 7d±f) , suggesting that Pyd 6
1 is localized at adherens junctions. On the other hand, antibody staining of the Pyd 6 2 isoform and Arm shows slight displacement of Pyd 6 2 from the adherens junctions and its extension to a more basal region (Fig. 7g±  i) . These results suggest that the Pyd 6 2 form is localized broadly around the cell membrane in imaginal discs. Results from double staining of the ectodermal epithelia of stage 11±14 embryos with antibodies against Pyd 6 1 and Dcad2 or antibodies against Pyd 6 2 and Arm also support the above observations (Fig. 7j±o) .
The pyd 6
2 isoform does not rescue the lethality of pyd null embryos As was described above, expression of pyd6 1 cDNA from a heat shock promoter can rescue the lethality of a pyd null mutation (pyd C5 ) and also greatly suppresses the extra bristle phenotype of pyd C5 /pyd J14¯i es. The following experiments were carried out to study the role pyd6 2 plays in SOP speci®cation.
The pyd6 2 cDNA was inserted in the transformation vector CaSpeR under the control of the hsp70 promoter, and transgenic lines were generated as described in Section 4. Table 4 shows the results of heat shock experiments with the progeny of w; P(w 1 ; hs-pyd6 2 ); pyd C5 /TM6B, Tb Hū ies. The experimental conditions were the same as those used for rescue of pyd C5 lethality by the pyd6 1 cDNA. Progeny were collected in vials and exposed repeatedly to a 378C water bath for 1 h every 12 h from early embryogenesis (about 4±8 h after the eggs were laid) to the mid-pupal stage. Parents were heat-shocked at 378C for 1 h and allowed to recover at 258C for 1 h before collecting eggs, or remained continuously at 258C (no heat shock). Non-TM6B progeny were never observed after heat shock treatments indicating that pyd 6 2 does not rescue the lethal phenotype of pyd C5 . However, overexpression of pyd 6 2 cDNA did signi®cantly reduce the extra bristle phenotype of pyd J14 /pyd C5¯i es (Table 5) . Overexpression of Pyd 6 2 in a second independent hs-pyd6 2 transgenic line also failed to rescue the lethal phenotype of pyd C5 , but did suppress the extra bristle phenotype of pyd J14 /pyd C5¯i es. A similar suppression of the extra bristle phenotype was observed with overexpression of the pyd6 1 cDNA (Table 2 ), suggesting that both isoforms can function in SOP patterning. Overexpression of both isoforms simultaneously in P(w /pyd J14¯i es produced a more complete suppression of the extra bristle phenotype than either isoform alone, suggesting that both isoforms are involved in patterning of SOPs (Table 6 ).
Discussion
The work described here demonstrates that alternative 1 (green) and Pyd 6 2 (red) antibodies. Consistent with the stage-speci®c RT-PCR results, the Pyd 6 2 isoform is not detectable in early embryos. (e) A higher magni®cation view of the merged image of (c) and (d). (f,g) Confocal photomicrographs of a wild-type wing disc double labeled with anti-Pyd 6 1 (green) and anti-Pyd 6 2 (red) antibodies. This section shows the hinge region of the wing disc, where the epithelium is highly folded. Both isoforms are cell membrane-associated; however, the Pyd 6 2 form displays a broader distribution. (h) Merged image of (f) and (g). 
green) and (b) anti-Dlg antibodies (red). (c) A merged image of (a) and (b). (d±f) A similar region double labeled with (d) anti-Pyd 6
1 (green) and (e) anti-Cor (red) antibodies. The Pyd 6 1 form is apical to both Dlg and Cor, suggesting that Pyd 6 1 is localized apically to the septate junction. (g±i) Labeling of the wing disc hinge region with (g) anti-Pyd 6 2 (red) and (h) anti-Dlg (green). (i) A merged image of (g) and (h). (j±l) The hinge region of the wing disc labeled with (j) anti-Pyd 6 2 (red) and (k) anti-Cor (green). (l) A merged image of (j) and (k). The Pyd 6 2 form is distributed more broadly than Pyd 6
1 . Anti-Pyd 6 2 labeling is detected both apical and basal to Dlg and Cor.
splicing of pyd generates two protein isoforms that differ in localization and function. Our results suggest that localization of Pyd is controlled by alternative splicing and raise the possibility that exon 6 represents a distinct protein±protein interaction domain. Transgenic rescue experiments suggest that only the exon 6 1 isoform is required for embryogenesis, while both forms can function in sensory organ patterning in the wing disc.
RNA alternative splicing of pyd transcripts gives rise to isoforms with and without exon 6, a 78 amino acid motif located between the GUK domain and the proline-rich domain. Pyd is highly homologous to the mammalian protein ZO-1 and, interestingly, the a region de®ned by alternative splicing in ZO-1 is at the same position and is similar in size (78±80 amino acids) to pyd exon 6 (Willott et al., 1993) . However, sequence comparison between the TamA and ZO-1 proteins revealed that Tam exon 6 and the ZO-1 a domain share very little homology. Pyd exon 6 does have limited homology to the acidic region C-terminal to the GUK domain of ZO-1, which is part of the region required for binding to occludin and stable incorporation into tight junctions . Thus, despite similar positions with respect to conserved domains in the proteins, Pyd exon 6 is not homologous to ZO-1 a. Alternative splicing of these proteins also appears to serve different purposes. Expression of the ZO-1 a1 versus a2 forms correlates with functional differences in junctions; ZO-1 a2 is expressed in more dynamic tight junctions while ZO-1 a1 expression correlates with less dynamic or immature junctions (Balda and Anderson, 1993; Sheth et al., 1997) . In contrast, we have found that Pyd 6 1 is tightly localized at the adherens junction, while Pyd 6 2 is broadly distributed along the cell membrane (see below). Thus, the presence or absence of Pyd exon 6 seems to control junctional localization of the protein rather than functional properties of the junction per se.
The overall structure of Pyd is strikingly homologous to ZO-1, and mouse ZO-1 has been reported to rescue pyd mutants , implying that ZO-1 and Pyd share common protein binding and organization properties. Available evidence suggests that the N-terminal half of ZO-1 acts as a scaffold to organize proteins at the tight and adherens junctions Fanning et al., 1998) , whereas the unique C-terminal proline-rich region is involved in interaction with the cortical actin cytoskeleton Katsube et al., 1998) . The observation that the N-terminal half of mouse ZO-1 binds to a-catenin and associates with the adherens junction is of particular interest, since this region includes the acidic domain homologous to pyd exon 6, but does not include the a region . As mentioned above, our results indicate that localization of Pyd to the adherens junction requires exon 6. We suggest that in the absence of exon 6, the ability of Pyd to bind proteins at the adherens junction is greatly reduced, or lost, and localization is determined by interactions mediated by other domains, perhaps including C-terminal domain interactions with the cytoskeleton. The simplest model is that exon 6 forms a protein domain that interacts with a protein at the adherens junction to promote localization of Pyd to the junction. If so, exon 6 might represent a new protein±protein interaction domain. Alternatively, exon 6 might be required to maintain the protein in a conformation that allows interaction of another domain(s) with the adherens junction. Experiments that test the ability of exon 6 to target heterologous proteins to the adherens junction might distinguish between these models.
Previous studies suggested that Pyd was localized primarily to septate junctions of wing imaginal discs (Takahisa et al., 1996) , an observation that was consistent with the functional homology thought to exist between septate junctions and tight junctions (Woods and Bryant, 1993) . However, labeling of embryos and wing imaginal discs with an antibody speci®c for Pyd 6 1 showed little or no co-localization of Pyd 6 1 with septate junction proteins Cor or Dlg. Moreover, our studies revealed that Pyd 6
1 is co-localized with the transmembrane protein DE-cadherin, a component of adherens junctions, and Arm (b-catenin), which is also concentrated at adherens junctions. These observations indicate that Pyd 6 1 is predominantly localized to epithelial adherens junctions of wing imaginal discs and embryonic ectoderm. This result is consistent with the localization of ZO-1 at adherens junctions of cells without tight junctions in mammals (Itoh et al., 1991; Howarth et al., 1992; Tsukita et al., 1993) .
In contrast, antibody labeling experiments with anti-Pyd 6 2 indicate that this Pyd isoform is distributed more broadly through the lateral and basal periphery of imaginal disc cells; it is slightly displaced from DE-cadherin or Arm, and is found both apically and basally to Cor and Dlg. We did not observe co-localization with any of the markers we tested. The differences in Pyd localization described by Takahisa et al. (1996) and in this report are most likely explained by recognition of both Pyd isoforms by the antiTam antibody used in Takahisa et al. (1996) . Thus, the localization that they observed resulted from a combination of both forms. More recent studies with the anti-Tam antibody found that Pyd co-localized with both adherens junction markers and the septate junction protein Fas III in embryonic ectodermal epithelia (Takahashi et al., 1998 ). Although we did not observe co-localization of Pyd 6 2 and either Cor or Dlg, the co-localization with Fas III might re¯ect the presence of Pyd 6 2 in the septate junctions of embryonic epithelia.
In order to examine the roles of 6 1 and 6 2 isoforms of Pyd in normal development, we used heat shock-driven overexpression to rescue phenotypes of pydmutants. Previous studies demonstrated that loss of pydfunction results in embryonic lethality characterized by a failure in dorsal closure of the embryo (Chen et al., 1996; Takahashi et al., 1998; C.-M. Chen and H. Ellis, unpublished data) . pydfunction during dorsal closure appears to involve direct interaction with another PDZ domain containing protein, Fig. 7. canoe (cno), which is thought to be involved in the JNK pathway. In embryos homozygous for both pyd tam and cno mis1 (a viable hypomorphic allele of cno) the dorsal epidermis remains open and embryogenesis fails (Takahashi et al., 1998) . cno and pyd co-localize at the adherens junction and in vitro assays suggest that they form a protein complex (Takahashi et al., 1998 ). The rescue experiments described here suggest that the Pyd 6 1 isoform is necessary and suf®cient for embryogenesis. While heat shock-driven expression of Pyd 6 1 was able to completely rescue the embryonic lethality of pyd C5 homozygotes, heat shockdriven expression of Pyd 6 2 gave no rescue of lethality. This result is consistent with our observation that Pyd 6 2 is expressed at later stages of embryogenesis and, in conjunction with complete rescue by overexpression of Pyd 6
1 , suggests that Pyd 6 2 function is not required during embryogenesis. The results of our transgenic rescue and antibody labeling experiments suggest that the Pyd isoform that interacts with Cno at the adherens junction is Pyd 6 1 .
Pyd 6
1 is also required for SOP patterning. Ectopic SOPs form in pyd mutant wing discs, resulting in extra mechanosensory bristles in adult¯ies. Heat shock overexpression of Pyd 6 1 dramatically reduces the number of extra bristles on pyd¯ies, suggesting an important role of Pyd 6 1 in SOP speci®cation. Although heat shock-driven expression of Pyd 6 2 did not rescue the embryonic lethality of a pydnull mutant, overexpression of Pyd 6 2 in pyd C5 /pyd J14¯i es signi®cantly rescued the extra bristle phenotype of pyd. The observation that the simultaneous heat shock overexpression of one copy of pyd6 1 and one copy of pyd6 2 can rescue the pyd phenotype to a more complete extent than just overexpression of either pyd6 1 or pyd6 2 in two copies suggests that both isoforms are involved in SOP speci®ca-tion. This observation further suggests that while the heat shock-expressed 6 1 and 6 2 isoforms are largely redundant, some aspects of their functions are unique. However, a similarly complete rescue of the bristle phenotype was achieved by heat shock-driven expression of Pyd 6 1 alone in both parents and progeny, raising the possibility that the 6 1 isoform alone is suf®cient for SOP patterning. It is possible that Pyd 6 2 is required for pyd functions that we have not yet examined. For example, pydis also required for cell fate speci®cation in the eye and the null phenotype in the wing disc has not been determined. If Pyd 6 2 is required for pyd function, the differences in localization of the two isoforms implies that they have distinct functions in the cell.
The extra macrochaetae phenotype of pyd mutants appears to result from decreased expression of extramacrochaetae and thus expanded areas of AS-C expression (Takahisa et al., 1996) . One interpretation of the diminished area of emc expression in pyd mutant imaginal discs is that pyd plays a role in cell signaling events that establish the boundaries of emc expression (Takahisa et al., 1996) . There are several examples of MAGUK proteins that organize receptors or signaling components at cell junctions (for a review see Dimitratos et al., 1999) . The role of pyd in dorsal closure (see above) may be yet another example of a scaffolding or targeting role for a MAGUK protein associated with a signaling pathway (Takahashi et al., 1998) . The results of our rescue experiments, along with our immunocytochemical localization of Pyd, suggest that Pyd functions at the adherens junction, at least in part, during sensory organ patterning as well as during dorsal closure. Thus, pyd regulation of emc expression might re¯ect a role in localizing components of a signaling pathway at the adherens junction. The identity of this signaling pathway is unknown; however, pyd displays genetic interactions with a component of the JNK pathway, heptorous (Takahashi et al., 1998) , suggesting that pyd might interact with the JNK pathway during wing disc development in addition to embryogenesis. 
Experimental procedure
Drosophila stocks
Flies were raised on standard yeast±cornmeal±sucrose± agar medium at 258C unless indicated otherwise. The wildtype strains used were either an isogenic p p stock, which was the parent strain of most pyd alleles, or w 1118 , which was the recipient for germline transformation. Tam 1 and w; P[w 1 ; hs-tam] strains were kindly provided by Ryu Ueda (Takahisa et al., 1996) .
Isolation of genomic DNA
Drosophila genomic DNA was prepared as follows: 50 anesthetized (or frozen)¯ies were homogenized with a motorized pestle in 400 ml of Drosophila homogenization buffer (4:1 A/B; A, 0.1 M NaCl, 0.2 M sucrose, 30 mM Tris (pH 8.0), 10 mM EDTA; B, phage lysis mix: 0.25 M EDTA, 0.5 M Tris (pH 9.2), 2.5% SDS) and incubated at 658C for 30 min. Then, 500 ml of 2 M KOAc was added, tubes were mixed, and incubation was continued on ice for 0.5±1 h. After centrifugation, the supernatant was transferred to a new tube and extracted with an equal volume of phenol/ chloroform (1:1) followed by precipitation with an equal volume of isopropanol at room temperature for 5 min. Genomic DNA was pelleted at 14 000 £ g for 10 min, washed with 70% ethanol, air dried and resuspended in 100 ml TE, 20 mg/ml Rnase A.
Isolation of total RNA
Drosophila total RNA was prepared as follows: staged embryos were collected from population cages on apple juice agar plates (40.5% apple juice, 20% agar, 290 mM dextrose, 76 mM sucrose, 0.013 N NaOH and 1% acid mix (42% propionic acid and 3.5% phosphoric acid)) with yeast. Third instar larvae and late pupae were collected by washing the larvae and pupae from a culture bottle and separating them with a NaCl gradient. Adults were collected from culture bottles by anesthetizing them with CO 2 . Harvested embryos, larvae, pupae and adults were washed and quick frozen in liquid nitrogen and then stored at 2808C until use. Total RNA was isolated according to the protocol in Drosophila: a Laboratory Manual (Ashburner, 1989) . Poly(A)
1 RNA was isolated with the`polyA Tract mRNA Isolation System' (Promega) following the instructions provided by the manufacturer. ; pyd J14 /TM6B parents were crossed and their progeny were heat shocked (1) (see Section 4) or were raised continuously at 258C (2).
Construction and screening of mini-genomic library
Southern analysis of pyd C5 genomic DNA revealed that a 2.2 kb EcoRI fragment contained sequences¯anking the Pelement insertion and part of the P-sequence. To clone this fragment, pyd C5 /TM6B, Tb;Hugenomic DNA was digested with EcoRI and separated by agarose gel electrophoresis. An agarose gel fragment containing DNA of approximately 1.8±3.0 kb (determined by comparing with DNA size markers) was cut out and the DNA therein was puri®ed with geneclean (Bio101). The puri®ed DNA fragment was then ligated to lambda ZAPII (Stratagene). This mini-library was screened with a 32 P-labeled P-element probe (pXbaI) and the positive clones were converted to phagemids, according to the manufacturer's protocols.
RT-PCR
RT
Approximately 1±2 mg of PolyA RNA treated with RNase-free DNase (Promega) was mixed with a gene-speci®c primer (3 pmol/ml). Nuclease-free dH 2 O was added to reach a volume of 14 ml. Template and primers were annealed at 658C for 6 min, and cooled on ice for 8 min. Then, 4 ml 5£ AMV RT buffer (Promega), 1 ml dNTPs (5 mM), 0.5 ml RNasin (40 units/ml, Promega), and 0.5 ml AMV reverse transcriptase (Promega) were added and the reaction was incubated at 428C for 1 h. The reaction was inactivated at 708C for 10 min. Hybridized RNA was removed by adding 0.5 ml RNase H (50 units/ml, USB) and incubating at 378C for 20 min.
PCR
With PCR, 0.5 ml of 5 H and 3 H primers (0.1 nmol/ml, synthesized by GIBCO-BRL), 10 ml of 10£ PCR buffer (GIBCO-BRL), 3 ml Mg 21 (50 mM, Promega), 0.5 ml dNTP mix (25 mM each), 0.5 ml Taq DNA polymerase (5 units/ml, GIBCO-BRL), and 82 ml dH 2 O were added to 3 ml of the reverse transcription reaction. PCR reactions were denatured at 948C for 2 min, and then went through 30 PCR cycles consisting of 948C for 1 min, 558C for 1 min, and 728C for 3 min. DNA synthesis was completed by extension at 728C for 7 min.
Sequences of primers used for RT-PCR
in guinea pig. The antiserum was af®nity-puri®ed following the protocol of Youssou®an (1998) .
Antibody against Pyd 6
2 A peptide spanning the pyd exon 5 and exon 7 junction (six minus, H2N-CWMSESKVPYDHA-COOH) was synthesized and conjugated to the carrier protein KLH by the Emory University Microchemical facility. Rat antibody against KLH-six minus was raised and the antiserum was af®nity-puri®ed on a six minus column. The peptide was conjugated to the column using SulfoLink Coupling Gel (Pierce).
Western blot analyses
Wing discs from 20 larvae were homogenized in 100 ml of sample buffer (0.1 M Tris±HCl (pH 6.8), 10% glycerol, 1% SDS, 0.2% b-mercaptoethanol (added fresh), and 0.001% Bromophenol Blue). The lysate was heated at 988C for 3±4 min. After centrifugation, 5±10 ml of supernatant was loaded on a 5.0% SDS-polyacrylamide gel. After electrophoresis, proteins were transferred to nitrocellulose membranes (Transblot Transfer Medium from Bio-Rad Laboratories, Cat# 162-0115) which were exposed to anti-6 1 or anti-6 2 serum and HRP conjugated goat secondary antibodies (Jackson Research Laboratory). ECL Western blotting detection reagents (Amersham, Cat# PRN 2106) were used for immunodetection.
Immuno¯uorescent staining
Wing imaginal discs were dissected in PBS and ®xed with 4% paraformaldehyde in PBS for 30 min at room temperature. Embryos were dechorinated in 50% sodium hypochloride (bleach) for 2 min, and ®xed in 4% paraformaldehyde in PBS/heptane (1:1) for 30 min. The paraformaldehyde/PBS phase was subsequently removed and embryos remaining in heptane were devitellinized by adding 4 volumes of methanol and vigorously shaking. The embryos were then rehydrated through a series of 70, 50, and 30% ethanol in PBT (1£ PBS, 0.1% Triton X-100) to PBT.
After washing with PBT, embryos or discs were incubated with 10% normal goat or donkey serum in PBT for more than 30 min at room temperature, and then primary antibody diluted in 10% goat or donkey serum in PBT was added and samples were incubated overnight at 48C. After washing the samples with PBT three times for 20 min each time, pre-absorbed secondary antibodies (Jackson Research Laboratory) diluted in 10% goat or donkey serum were added and samples were incubated for 2 h at room temperature or overnight at 48C. After extensive washing with PBS (more than 2 h), samples were mounted in Slowfade (Molecular Probes) mounting medium and observed with a BioRad laser scanning confocal microscope.
The following is a list of primary and secondary antibodies used in this study: rabbit anti-TamA (Takahisa et al., 1996) ; guinea pig anti-PYD 6 1 (this work); rat anti-PYD 6 2 (this work); rat anti-DE-cadherin (DCAD2) (Uemura et al., 1996) ; mouse anti-armadillo (N2 7A1) (Riggleman et al., 1990; Peifer et al., 1994) ; mouse anti-coracle (Fehon et al., 1994) ; guinea pig or mouse anti-Dlg (Woods et al., 1997) ; mouse anti-LacZ (Promega); Cy5-goat-anti-rabbit; FITC or Cy5-goat or donkey-anti-guinea pig; FITC or Cy5-goat or donkey-anti-rat; FITC or Cy5-goat-anti-mouse. All secondary antibodies were from Jackson Research Laboratories.
